The aim of this study is to improve treatment results and SSI prevention by differential usage of the contemporary suture materials and choice of proper suturing technique. To simulate suturing process and compared two suturing techniques, two FE models were developed. Finite-element analysis (FEA) was based on experimental data of contemporary commercial sutures and soft tissue properties. We applied obtained results for abdominal wall closure in rats and compared non-absorbable suture (capron) with absorbable suture (PDS Plus) for chosen technique. Cross-sections were examined by lighting electron microscope. Afterwards, the results of patients' treatment are also presented. It was shown that running sew was more appropriate for aponeurosis suturing compared to interrupted sew. The optimal parameters of suturing techniques were computed. Single-row running sew by PDS Plus was proved to hold wound edges for 90 days with less inflammatory response compared to other suture in the result of histological analysis. Application of contemporary synthetic absorbable suture materials with antibacterial coating for laparotomic wounds closure and anastomosis decreases local inflammatory reaction and provides the successful tissue regeneration. Application of advanced SSI prophylactics algorithm was shown to decrease risk of post-operative suppurative complications from 14.2 to 1.6 %.
Introduction
The contemporary absorbable suture materials are mostly used in the abdominal surgery during previous decades [1] [2] [3] . It was suggested that their application has a strong influence on the surgical intervention positive outcome [4] .
The challenge for today's surgery is the development and application of the biodegradable anti-bacterial suture material with a smooth surface equally distributed along the surface, as well as high manipulating and mechanical features. Moreover, it should have no toxic, allergic and teratogenic response [4] [5] [6] . largest wound (30 × 15 mm). The maximum peak force for the wound with a size of 46 × 13 mm was 3.2 N. The minimum peak force for the wound with a size of 36 × 5 mm was 1.1 N.
Shilko et al [37] obtained an analytical solution of the contact interaction problem of polymeric suture material with a bio-tissue. A pull-out test is analyzed to evaluate the stress intensity in the tissue. The paper contains an example of model application for skin wound suturing computations.
Some paper devoted to tensile strength of sutures and knots can be highlighted to evaluate mechanical properties of sutures [38] [39] [40] 41 ].
Materials and methods
Complications (including SSI) related to suture application mostly occurs due to inadequate suturing technique choice, usage of improper sutures (for example without antibacterial coating), or subjective choice of sew parameters [42, 43] . To avoid these challenges and improve SSI prophylactics, we developed FE models to simulate suturing process and compared two suturing techniques (simple interrupted vs running sew).
FEA was based on experimental data of contemporary commercial sutures and soft tissue (abdominal wall aponeurosis, which is the strongest part of an abdomen).
After simulation procedure, we applied obtained results for abdominal wall closure in rats and compared non-absorbable suture (capron) with absorbable suture (PDS Plus) for chosen technique. Cross-sections were examined by lighting electron microscope. After that, the results of patients' treatment are also presented.
The clinical and histological parts of paper are performed at General Surgery Department (Acad. E.A. Wagner Perm State Medical Academy) and Perm Municipal Hospital No. 4. The mechanical tests of sutures and numerical simulations of suturing were carried out in Perm National Research Polytechnic University.
The treatment of 293 patients operated in the Municipal City Hospital No. 4 for in 2009-2012 in the Emergency Surgery Department is presented. Randomization was based on the study and control group formation by all of the patients corresponding to including criteria.
The study group included 67 (22.9%) patients, and the comparison group included 227 (77.1%). Including criteria: A.
patents' age range is 18-83 years; B.
indications for elective or emergent abdominal surgery including hepatobiliary surgery; C. necessity in midline laparotomy incision;
To avoid post-operative complications mentioned above and implement prevention of SSI, a few abdominal surgeons suggested to use new suture materials with antibacterial properties (antibacterial coating Irgacare® (Ethicon Company, USA)) and specified absorption period as well as to imply an advanced single-row sew technique [18, 19] . The widespread usage of such techniques in the abdominal surgery is constrained mostly by the lack of computational and theoretical effectiveness and safety evaluation.
Thus, an application of biomechanical, morphological, and clinical studies for improving suturing techniques by contemporary absorbable suture materials to prevent SSI is still a challenge in surgical gastroenterology and hepatology.
Computer/mathematical/ mechanical approach for the suturing study
Computer models for surgical intervention simulation to improve the operation quality have began to be applied recently. Using the software, the surgeons may improve their technique or elaborate new methods for the patient-specific treatment [20] [21] [22] [23] .
Most papers are devoted to the soft tissue/medical tool interaction with haptic feedback to create VR simulator [24] [25] [26] [27] .
Misra et al published a good review related to the soft tissue-surgical instrument interaction [28] .
A model that uses a spline endowed with a continuum dynamic model and sliding constraints was proposed in [29] . To simulate suturing and knot-tying techniques, algorithms applying mass-spring approach [30] were proposed in [31] [32] [33] . Nevertheless, they adopt discrete approach for natural process simulation, i.e. these methods may not produce correct results, as geometrical features of piercing point mostly related to feedback.
Also, commercial FEM software packages are used during the mechanical analysis of the suturing. Jasinoski et al [34] studied an influence of suture model choice (isotropic vs. orthotropic models) at different arrangements on the stress-strain state of the cranial bone.
Limbert et al. [35] developed a finite-element model of the biofilms behavior on the surgical suture at different loading cases for an analysis and surgical site infection prevention.
Capek et al [36] developed a planar FEM in MSC. Marc software (MSC.Software Ltd., the Czech Republic) for elleptical skin wound suturing force determination. They found that the maximal force varied from 0.5 N for the smallest wound (30 × 5 mm) to 1.5 N for the Excluding criteria: A.
triclosan allergy, B.
immune diseases (or immune-deficiency disorders), C.
life expectancy less than 2 months, on condition that expected death reason is not related with surgical intervention.
The average age of patients in the study and comparison groups was 60 ± 15.7 and 51 ± 19.2 years, respectively. The study group included 37 men and 30 women, and the comparison group included 141 men and 86 women.
Nosological entities are presented in Table 1 
Statistical, computational methods and experimental procedures 3.1. Tension tests
The uniaxial tension experiments of the suture samples were performed by using electromechanical testing machine Instron 5882. The length of the samples was 350 mm. A length between the holding captures was 50 mm; a lower capture velocity was 5 mm/min. The videoextensometer was used for a deformation measurement to avoid the suture sliding. Commercial sutures Vicryl, Safil, «PDS Plus», «Monocryl» were studied to obtain mechanical properties for subsequent FEM modelling.
FEM simulation of suturing
FE biomechanical modelling of interior abdominal wall closure by contemporary suture materials was performed in this study. FE models of the simple interrupted and running sews were created and analyzed by ANSYS WorkBench software (Ansys Inc., USA). The purpose of simulation was to compare an efficiency of interrupted and running sews in the abdominal wall closure and find optimal sew parameters. 
Material properties
Mechanical properties of sutures were computed from experimental curves (Figure 1 ). The Young's moduli of sutures are presented in Figure 2 and equal to 0.8, 1.4, 2.2, and 3.3 GPa of Monocryl, PDS Plus, Vicryl, and Safi l, respectively. Poisson's ratio for all sutures was chosen equal to 0.4. Mechanical properties of aponeurosis in turkeys were taken from paper [44] . It should be noticed that there are no data on human abdominal aponeurosis properties in available literature for authors.
After that, the constitutive relation for the soft tissue was chosen and parameters of the model were found by special algorithm.
Constitutive model and estimation of soft tissue model parameters
The non-linear response of the aponeurosis tissue obtained by [44] experimentally was detected and Holzapfel constitutive model [45] , which is common for anisotropic soft tissue modelling, was chosen Fitting of the experimental data aponeurosis curves was performed using a Levenberg-Marquardt minimization algorithm [46] . This algorithm, widely used for experimental data fi tting of soft biological tissues [47] , is based upon the minimization of an objective function [48] , which takes the form: 
Elements and nodes
Models were meshed with 10-node-tetrahedron elements as well as contact elements (Conta and Target). A fi ner mesh was generated around the aponeurosis-suture interaction area. Models were composed of 170,000 elements and 250,000 nodes in average.
Loads and boundary conditions
The anterior walls of models were constrained in all directions. The intra-abdominal pressure, which normally equals to 5 mm Hg [49] was applied to the bottom of the aponeurosis. Force of 200 N was applied to one end of a suture to simulate the knot-tying technique; the other end of the suture was constrained.
Histology
The results of FEA modelling were adopted to prove by experiments in rats. The results of application of the running and interrupted suturing techniques to 30 rat abdominal wall defects closure were compared.
Basic somatic parameters in all rat groups were identical.
The cross-sectional study was performed to evaluate the abdominal wall morphology and histological examination of rats on the 3rd, 5th, 14th, 30th day after surgery. 72 cross-sections were analyzed. The sections were stained with eosin and hematoxylin and examined under the light microscope (x400 zoom) to study the infl ammatory cell reaction degree, the speed and quality of regenerative processes, and fi ber arrangement, and also dermal tissue, aponeurosis and muscle tissue condition in the area of surgical intervention.
Results

Biomechanical modelling
To avoid SSI and improve treatment results, it is necessary to obtain suturing parameters and choose an adequate technique for tissue closure. FEA of interaction between an aponeurosis and a suture was performed. Stress intensity distributions in the aponeurosis during suturing were obtained. It was seen that running sew creates less stress fi eld compared to the interrupted sew.
Comparing fi gures, it was noticed that stresses in the case of simple interrupted sew were distributed along the wound boundary. The stresses in the aponeurosis are high in the wound edges, but in the middle they tend to decrease promoting better healing. The stress magnitude in the interrupted sew case is higher than of continuous sew.
Dependences between stresses in the aponeurosis on number of stitches in contact region are presented in Figure 3 and Figure 4 for the interrupted and running sews respectively.
The stress magnitude at discontinuous suturing changes insignifi cantly, i.e. number of stitches does not affect the stress value. The number of stitches is independent parameter at the simple interrupted sew. Continuous suturing strongly depends on the stitch number, i.e. the stress value tends to decease when number of stitches increase.
In the result of modeling, the continuous sew seems more favorable in the abdominal wall closure.
The optimal parameters of the continuous sew are computed: each subsequent stitch should be performed on the 8-10 mm on the opposite side at 30-45 degrees to the wound. A distance from wound edges to needle indent point is 5-6 mm.
Histological analysis
Suturing parameters computed by FEA were applied to suture abdominal wall in rats.
Capron and PDS Plus sutures were compared by adopting continuous sew. Histological images by Carl Zeiss electron microscope (Carl Zeiss Microscopy GmbH, Germany) were made.
It was observed that capron usage leads to more severe purulent infl ammation, slow formation of poorly vascularized granulation tissue, forming expressed giant-cell reaction near the suture ( Figure 5, a) , the allergic component of infl ammation, safety neutrophil reaction in the later stages. Reparative processes fi nished by fi bered connective tissue development ( Figure 5, b) .
PDS Plus showed a predominance of alteration in the form of necrosis, which was quickly limited leukocyte cellular infi ltration, and then well-vascularized granulation tissue began to form. An absence of an allergy, infl ammation, and neutrophil response was detected in the later stages of the experiment Postoperative wound partially epithelized at the dermal level with partial replacement by the soft-fi ber scar ( Figures 5, c, d ). Aponeurosis almost restored completely. 
Operative treatment
Among surgical interventions, the stomach resections by Bilrot-II (13 cases (17.9 %)), cholecystoduodenoanastomoses (5 cases (7.5 %)), and biliopancreatic stunting (5 cases (7.5 %)) were dominated in the study group (Table 3) . Among oncological pathology treatment, the gastroectomies (7 cases (10.4 %)) and choleduodenal anastomosis (5 cases (9.1 %)) were performed more frequently.
Among surgical interventions, the stomach resections by Bilrot-II (33 cases (14.6%), intra-abdominal organ wounds closure (33 cases (14.6%), spleenectomies (22 cases (9.7 %)) were dominated in the comparison group.
The specifi c post-operative complications are highlighted in the study group in 2 patients of 67 (2.3 %): 81-year old male with colonic cancer and diabetes mellitus had post-operative wound suppuration; 82-year old female with neo-plastic common bile duct stenosis and respiratory system pathology, had bile leakage, choledostoma disclocation, and biloma of sub-liver space. Other patients did not have early post-operative complications. In the comparison group, Post-operative suppurations of laparatomic wounds were detected after surgical treatment of the gallbladder disease, closed trauma of abdomen, adhesive intestinal obstruction, Crohn's disease, diverticular disease of the colon. In the study group, specific post-operative complications were absent in 65 patients (96.4 %) and in 194 patients (85.8 %) in comparison group (Table 4) .
To decrease the post-operative infection risk, the algorithm of complex SSI prophylactics was improved (Table 5) .
According to this technique, an infection control is performed at all stages of the operation: the processing of the wound, the imposition of an anastomosis, elimination of defects of hollow organs, suturing wounds of the abdominal wall layers by continuous single-row suture with contemporary absorbable sutures with antimicrobial coating. Prevention of the anastomotic leakage was carried out by using «Tachocomb» sponges. Dermal sew was sealed by an adhesive skin glue «Dermabond».
Implementation of this technique allowed us to reduce the number of postoperative septic complications fivefold.
Discussion
Single-row running sew by PDS Plus was proven to hold wound edges for 90 days. Application of contemporary synthetic absorbable suture materials with antibacterial coating for laparotomic wounds closure and anastomosis decreases local inflammatory reaction and provides the successful tissue regeneration.
Biomechanical modelling accompanied experimental data on aponeurosis and suture mechanical testing allowed us to simulate and compute stress field in the abdominal wall and find optimal sewing characteristics. Application of advanced SSI prophylactics algorithm was shown to decrease a risk of post-operative suppurative complications from 14.2 to 1.6 %.
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